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Influence of additives on physico-chemical properties of electrospun poly(L-lactide)
suture fibers and scaffolds for tissue engineering [1] [2] [3] [4] .
For most medical applications the physico-chemical properties of the basic materials need to be adjusted. Electrospinning allows limited control over the pore sizes found between interfiber contacts by adjusting an average diameter via control of spinning parameters, such as solution viscosity, distance, and voltage [5] . Several factors affect fiber diameter and resulting nonwoven structures and morphologies. So, Doshi and Reneker found that by reducing the surface tension, fibers could be produced without beads. A higher net charge density of the polymer solution could also yield thinner fibers with no beads [6] [7] [8] .
In the present study, we have investigated the effects of varying the solution properties for electrospinning on the microstructure of biodegradable semi-crystalline poly(Llactide) (PLLA) membranes. The size distribution of PLLA fiber diameter was improved by adding certain amounts of additives, including a salt, an acid, and a nonionic surfactant.
Scanning electron microscopy (SEM), uniaxial tensile tests and differential scanning calorimetry (DSC) techniques were used to investigate the structure and morphology of the electrospun PLLA fibers.
Materials and Methods

Sample preparation
Clear and homogenous polymer solution of 4 wt% PLLA (RESOMER L210, Mw ∼400.000 g/mol, Evonik, Germany) was obtained by dissolving the polymer in a solvent mixture of chloroform and 2,2,2-trifluoroethanol (TFE) (1:4 v/v) at 37 °C. The polymer solutions were loaded with 1 wt% of Triton X-100 (TX-100), formic acid and tetraethyl ammonium chloride (TEAC) or 12.5 wt% of TX-100 with respect to polymer weight, respectively. For the process of electrospinning a device of Contipro (Dolní Dobrouč, Czech Republic) 4Spin C4S LAB2 was used. Fibrous nonwovens were fabricated from polymer solution by the use of needle electrospinning. For this a single jet capillary emitter (gauge 19) was used. For fabrication a static continual collector was used at an emitter collector distance of 20 cm resulting in nonwoven samples with randomized fibres. The applied high Abstract: Electrospun poly(L-lactide) (PLLA) nonwoven represent potential options for biodegradable medical implants. They can be manufactured with high reproducibility and do offer the potential for chemical modification to alter matrix properties. In our study, we investigate the mechanical, thermal and morphological properties of PLLA fiber matrices. Fibrous nonwovens were fabricated from polymer solution by needle electrospinning. The polymer solutions were loaded with Triton X-100 (TX-100), formic acid and tetraethyl ammonium chloride (TEAC) with respect to polymer weight. Morphology of the PLLA nonwoven scaffolds was examined with SEM. We performed uniaxial tensile tests and differential scanning calorimetry (DSC). Different concentrations of the additives TEAC, formic acid and Triton X-100 lead to strong changes regarding mechanical and thermal properties of the electrospun PLLA fiber matrices. In comparison with mechanical properties of established biological tissue materials, the results indicate the suitability for medical applications.
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Introduction
Linear aliphatic polyesters such as poly(L-lactide) (PLLA) are often used as basic materials for implant devices, such as voltage was 9 to 15 kV at a feed rate of 38 to 40 µL/min for ambient conditions of 25 °C and humidity of 25 %. Spinning process was performed for about 30 minutes. Subsequently, annealing process was applied to adjust thermodynamic stability. For quality assurance of the produced nonwoven structures SEM images were used controlling fibre structure and fibre diameter at different areas of the nonwoven.
Characterization methods
Scanning electron microscopy (SEM)
Morphology of the PLLA nonwoven scaffolds was examined with a SEM QUANTA FEG 250 (FEI Company, Germany). The images were taken at various magnifications, and the thickness of the fibers was measured at a magnification of 4,000 using the SEM software.
Uniaxial tensile testing
Uniaxial tensile testing was performed on a Zwicki ZN 2.5 (Zwick, Ulm, Germany). The tests were performed with a 10 N load cell and a crosshead speed of 25 mm/min. During the tensile tests the samples were immersed in physiological saline solution at a temperature of 37°C. We measured the tensile force as a function of elongation. From that the elastic modulus (E) was determined in the linear elastic region via linear regression. Furthermore, the elongation at break (ε B ) and the ultimate tensile strength (σ M ) were extracted.
Differential scanning calorimetry (DSC)
Thermal behavior was measured using a DSC 1 Star e system (Mettler Toledo, Greifensee, Switzerland). During the scans, the specimens were exposed to nitrogen gas. The sample weights were in the range of 1.5 -1.8 mg, and the heating rate was 10 K/min. The data were analyzed with respect to glass transition (T g ), melting temperature (T M ) and degree of crystallinity (χ). For the latter a value of χ 100 = 93.7 J/g [9] for totally crystalline PLLA was used.
Results
Surface characterization
Surface morphologies of PLLA nonwoven without additives (PLLA 0 ) are shown in Figure 1 . The structure consists of smooth fibers with an average diameter of 850 ± 310 nm. To reduce fiber diameter, additives which increase conductivity, such as TEAC and formic acid, were added.
TX-100 was added in order to reduce surface tension. SEM images of all samples are shown in Figure 2 . The addition of TEAC (Figure 2a ) leads to an increasing density of the fibers and a decrease of the average diameter of 270 ± 70 nm. The formic acid and 1 wt% of the non-ionic surfactant TX-100 show also a decrease in fiber diameter to 500 nm, see Table 1 . However, 12.5 wt% of TX-100 leads to increase the fibre diameter up to 1100 ± 370 nm. 
Mechanical properties
From the uniaxial tensile tests stress strain curves were derived and the material characteristics were determined. Without surfactant addition, an elongation at break of ε B = 261 ± 5 % for PLLA 0 could be determined, as shown in Figure 4 . For higher TX-100 concentration the trend for the degree of crystallinity indicates a higher flexibility. The effects in the mechanical behavior correspond with the morphology of the PLLA fiber matrices. Higher concentration of TX-100 results in increasing thickness of PLLA fiber matrices. Consequently the mechanical properties also decrease.
Thermal behavior
DSC measurements were conducted with nonwoven specimens without additives (PLLA 0 ) in comparison to the samples with additives PLLA TEAC , PLLA formicacid and PLLA TX-100 (Figure 4) . From the initial PLLA nonwoven a glass transition temperature of T g = 74.0 ± 0.4 °C and a degree of crystallinity of χ = 40.8 ± 2.2 % was determined. T g of PLLA nonwovens with additives are in the same range, except for PLLA with 1 wt% TX-100. This sample shows also cold crystallization (blue curve at approx. 90°C). Therefore, degree of crystallinity is lower with χ = 35.1 ± 2.9 %. For PLLA a degree of crystallinity with χ = 60.6 ± 1.7 % was determined. Further thermal properties, i.e. glass transition and melting temperature, are given in Table 2 . 
Conclusion
Morphological, mechanical and thermal properties of electrospun PLLA fiber matrices were assessed with respect to the influence of different additives during matrix manufacture. Different concentrations of the additives TEAC, formic acid and Triton X-100 lead to strong changes regarding morphological, mechanical and thermal properties of the electrospun PLLA fiber matrices. In comparison with mechanical properties of established biological tissue materials [10] the results indicate the suitability for application in heart valve engineering, for example. However, biocompatibility remains to be investigated. 
